Enzyme isoforms are found in many cellular reactions, and can differ in the kind of reaction they catalyze, in their substrate affinity, or in their reaction rates. The evolutionary significance of enzyme isoforms is only partially understood. We used mathematical modeling to investigate the hypothesis that isoforms may be favored by selection because they can increase the phenotypic robustness of the system. We modify a model for circadian clock gene expression in Drosophila to incorporate the presence of isoforms in the phosphorylation pathway of the period gene. We consider the case in which different isoforms catalyze the same reaction but have different affinities for the substrate. Stability is increased if there is dynamic control of the expression of isoforms relative to each other. Thus, we show that controlling isoform proportion can be a powerful mechanism for reducing the effects of variations in the values of system parameters, increasing system robustness.
Isozymes are variants of an enzyme with the same function that are found in the same individual (Hunter and Market 1957) . These enzymes may have different kinetic rates, different regulatory properties, or be expressed in a tissue-specific manner. They are produced in several different ways: They may be products of duplicated genes or alternative splicing, or alleles at the same locus. The source of an isozyme, however, does not provide us with information about its impact on fitness. It is often assumed that isozymes produced by duplicated genes or alternative splicing are adaptive, but in most cases it is unclear whether this is so.
Recently, genomic data have focused a great deal of attention on gene duplications, which generate enzyme isoforms. Ideas of how gene duplicates may arise (Ohno 1970) and the conditions under which they invade have been previously proposed (Clark 1994) . A gene duplicate can have one of three ultimate fates: loss of function, neofunctionalization, or subfunctionalization (Force et al. 1999) . In the first case, one of the duplicate copies acquires a disabling mutation. In the second case one copy evolves a new function. The third case happens when both copies become necessary because each copy has accumulated degenerative mutations. At least in the short term, a fourth outcome is preservation of function because of selection for increased flux through the step catalyzed by a protein (Papp et al. 2004) .
Although most have assumed a guiding role for natural selection in arriving at these outcomes, recent theory suggests that the increased number of retained gene duplicates and increased gene number in multicellular eukaryotes may be a byproduct of low effective population size and not the result of natural selection (Lynch and Conery 2003) . Should this be the case, then isozymes from gene duplication can be regarded as an incidental byproduct of population genetic processes rather than adaptations. The detailed, selective mechanisms by which gene duplicates might become neo-or subfunctionalized has received less attention than describing the rates and fates of gene duplicates. This debate is recapitulating an older one about whether allelic isozyme variants are neutral (Kimura 1983) or subject to natural selection (Gillespie 1991) .
Although the distinction between neo-and subfunctionalized seem clear at one level, more detailed consideration of selective mechanisms suggest that the boundaries between subfunctionalization and neofunctionalization may not be well defined. Once isoforms become coexpressed, for instance, they can provide an easy route toward an adaptive peak where robustness, the invariance of the phenotype in the face of changes in the values of system parameters, is increased. This would represent a case of neofunctionalization (increased robustness) through diversification of function (isozymes with different substrate affinities).
Much work relevant to the adaptive value of isozymes has been directed at interpreting data on dispensability of genes in yeast. A knockout of a functional gene can be compensated by the presence of another gene with equivalent function, or by redundancy of the genetic network as a whole (Gu 2003) . The first hypothesis provides a potential selective mechanism for the maintenance of isozymes by gene duplication. Although compensation does occur , dispensability seems to be primarily due to the second mechanism (Wagner 2000) . A detailed analysis of network function suggested the alternative hypothesis that duplication might be favored in high flux pathways (Papp et al. 2004 ). All of these hypotheses apply only to isozymes originating from gene duplication.
Quantitative robustness to perturbations can arise due to the presence of isozymes from any source. In this article we use mathematical modeling to investigate the potential for coexpressed isoforms to increase robustness to quantitative perturbation. Perturbations can arise from environmental or genetic sources, although we make no distinction between them in this article. Theoretical arguments (Wagner et al. 1997; Proulx and Phillips 2005) suggest that robustness to environmental noise evolves more readily than does robustness to genetic noise. We only consider isoforms originating from alternative splicing, but the general conclusions apply to isoforms from other sources as well. Our goal is not to provide a comprehensive framework for the origin and successive evolution of isoforms but rather to investigate their potential benefit in a biological system. We use the Drosophila circadian rhythm network as a model system in our investigation. The circadian rhythm is important to fitness ) and its phenotype (period) is reliable and can be measured in vitro and behaviorally (Panda et al. 2002) . A previous model of the mammalian circadian clock has noted that this system seems robust to variation in parameter values, but they did not investigate the effects of isozymes (Forger and Peskin 2003) .
In Drosophila the molecular generator of the rhythm is the negative feedback of the genes period and timeless on their own transcription. This mechanism has been described with various levels of detail by mathematical models (Goldbeter 1995; Goldbeter 1998, 2003; Leloup et.al. 1999; Smolen et. al. 2001; Ueda et. al. 2001) . The proteins of the gene period (PER) and timeless (TIM) undergo successive phosphorylation events, introducing delays in the feedback of the proteins on transcription. Phosphorylation is crucial for PER and TIM translocation into the nucleus, a requirement for the production of the rhythm. Casein kinase II (CKII) is the protein largely responsible for phosphorylation of PER and is found in at least three coexpressed functional variants (Jauch et al. 2006) . CKII has been proposed as an evolutionary link between different circadian systems of animals, plants, and fungi, and the circadian clock seems to be highly sensitive to its activity (Lin 2002) . CKII is a heterotetramer, with two α and two β subunits. The α subunits have catalytic functions. The β subunits protect the α-subunit against denaturing agents or conditions (Meggio et al. 1992) , alter the substrate specificity of the α-subunits (Bidwai et al. 1993 ) and modulate the activity of the enzyme . Alternative splicing variants of the β subunit are recombined to form the isozymes. We modify a mechanistic model for circadian oscillations in Drosophila to test if CKII isoforms can increase system robustness.
The Model
We consider a minimal molecular model for circadian oscillations in constant darkness conditions in Drosophila (Goldbeter 1995), describing the time course of the gene period and its products. What the minimal model does not describe is the time course of other genes, such as timeless, that are entrained by light. We modified the model to incorporate the presence of CKII isoforms. These isoforms are also present, and with the same function, in the pathway of genes not represented in the model. We chose this model because it captures the essential features of circadian oscillations while minimizing the mathematical complexity. The model consists of differential equations for the concentrations of period mRNA (Mp), the unphosphorylated form of PER protein (P 0 ), its single (P1) and double (P2) phosphorylated forms, and the nuclear PER concentration (PN). We do not explicitly model transcription and regulation of CKII but assume that its gene expression level can be regulated. Analysis of the enzyme structure suggests that CKII is in fact regulated by transcription and that different isoforms have different substrate affinities or functional properties Jauch et al. 2006) .
One example of a system containing isoforms with different substrate affinities is the pancreatic β-cell in the mouse. This cell contains two isoforms for the sarco-endoplasmic reticulum calcium ATPase (SERCA pump), which pumps Ca 2+ from the cytosol to the endoplasmic reticulum. One isoform, SERCA-2b, has high Ca 2+ affinity and is important for maintaining basal Ca 2+ levels in the cytosol. The other, SERCA-3, has a lower affinity and is important during stimulation by glucose (Arredouani et al. 2002 ).
In our model we consider the presence of two CKII isoforms that differ in their affinity to the substrate, and separate the total amount of CKII into a fraction α of the high affinity isoform, and a fraction 1 − α of the low affinity isoform. A schematic diagram illustrating the steps describing the circadian rhythm in Drosophila is shown in Figure 1 . The upper panel (Fig. 1A) shows the system without isoforms whereas the lower panel (Fig. 1B) shows the modified system with the presence of isoforms. The mRNA of period (Mp) is produced in the nucleus and transferred to the cytosol. Mp accumulates at maximum rate V SP , and is enzymatically degraded at maximum rate V MP , with Michaelis constant K mP . The synthesis of period protein (P 0 ) is proportional to Mp and is characterized by a first-order rate constant k SP . Parameters V iP (i = 1, . . . , 4) denote maximum rates of the kinases and phosphatases involved in the reversible phosphorylation of P 0 to P 1 and P 1 to P 2 . Parameters K 11P and K 12P denote the Michaelis constants of the two kinase isoforms whereas K P denotes the Michaelis constant of the phosphatase. The fully phosphorylated form (P 2 ) is enzymatically degraded at maximum rate V DP with Michaelis constant K dP , and is transported into the nucleus at rate k 1 . The reverse transport occurs with rate k 2 . Nuclear PER (P N ) exerts negative feedback on period transcription, which is key to the generation of the rhythm. This feedback is described by a Hill equation with cooperativity degree n and repression constant K IP . The diagram also illustrates how the phosphorylation pathway of the gene period is connected with the production of CKII isoforms via alternative splicing (Fig. 1B) .
The dynamics of the model variables are described by a system of five coupled ordinary differential equations (Goldbeter 1995) . The first equation describes the mRNA transcription
The first term describes mRNA synthesis and the negative feedback of the protein PER on its own transcription. The second term describes mRNA enzymatic degradation. The second equation describes the dynamics of the unphosphorylated protein P 0 :
The first term relates protein synthesis to the concentration of mRNA. The second term describes dephosphorylation of P 1 to P 0 . The third and final terms describe P 0 phosphorylation by the two isoforms of CKII. The mathematical system that describes the circadian rhythm without isoforms can be derived by either setting α to zero, or 1, and using only one Michaelis constant (K 11P or K 12P ), or by setting α to 0.5 and using two identical Michaelis constants (K 11P = K 12P ). The equation for the phosphorylated form P 1 is similarly derived. P 1 can be produced from its unphosphorylated form, P 0 , or from the dephosphorylation of P 2 . P 1 can be phosphorylated into P 2 , or dephosphorylated to P 0 :
The fourth equation describes the dynamics of the double phosphorylated protein:
The first three terms represent phosphorylation and dephosphorylation. The fourth and fifth describe the transport of P 2 into (k 1 ) and out of (k 2 ) the nucleus. The last term describes P 2 enzymatic degradation.
The last equation shows the dynamics of the protein in the nucleus:
An example of the circadian oscillations produced by this model is shown in Figure 2 . The increase of messenger RNA (Mp), causes an increase in the amount of protein P 0 (not shown), eventually leading to a delayed increase in nuclear protein P N . This feeds back negatively on period transcription, causing the messenger RNA to decrease. The delayed negative feedback of period protein on its own transcription is the mechanism for the rhythm. Importantly, it is the two phosphorylation steps that are primarily responsible for the delay. Table 1 .
The differential equations were solved numerically with backward Euler method in the XPPAUT software package (Ermentrout 2002) . The period was computed using Fast Fourier Transformations in the numerical package of Python.
Results

CKII AFFINITY
To determine if system robustness is increased by CKII isoforms we compare the dynamics of the model with isoforms to the dynamics of the model without. A system is considered to be robust if the period of the oscillation remains near 24 h in spite of parameter variation. In this investigation we call a system "circadian" if it has a period of 24 ± 0.5 h. Although all the model variables oscillate with a circadian period, we use the concentration of mRNA to measure period length. For the purpose of this article, we regard the total enzyme reaction rate (V1p), which is the product of the number of enzyme molecules and the reaction rate per molecule, as constant and characterize isoforms having different affinities to the substrate. We begin by investigating the effect of enzyme affinity in a system without isoforms. We ask if the substrate affinity of CKII has any impact on the robustness of the system. For instance, is it better to have an enzyme with high affinity to the substrate or one with low affinity? We set α to 1 and select a baseline parameter set that has a 24-h period (Leloup and Goldbeter 1998) . We then generate 300 replicate systems that have different parameter values but the same CKII substrate affinity (i.e., the same K 11P values). For each replicate a random set of values for all other parameters is generated. Each parameter value is drawn from a uniform distribution with the same mean as the baseline parameter set with a range of variation of plus or minus 50%. The values of the substrate affinities for CKII are shown as the first numbers under each column in Figure 3 .
The vertical axis of Figure 3 represents the percentage of replicates that produce a circadian rhythm.
In the absence of isoforms and with the Michaelis constant K 11P = 2 nM only about 5% of the replicates produce an oscillation with a circadian period. Similar results are obtained with Michaelis constants 1, 3, and 4 nM (Fig. 3, white bars) . Thus, the affinity to the substrate alone does not affect the robustness of the system. Robustness could be increased if we allow enzyme production or maximum rate to be regulated according to the reaction needs (results not shown), but under the assumption of constant production, a high-affinity enzyme is neither better nor worse than a low-affinity enzyme.
FIXED PROPORTION OF ISOFORMS
We now look at the effects of CKII isoforms that are produced at a constant rate and in constant relative proportion to each other, criteria that are satisfied by keeping the parameters V1p and α constant in the simulations. We then ask if this system with constant isoform expression is more robust then a system in which isoforms are not present. Three hundred replicates of the system are obtained as described above. The values of the Michaelis constants are generated in the following way: given a Michaelis constant, say 2 nM, we obtain two values (K 11P and K 12P ) that produce a saturation curve similar to a single enzyme with affinity 2 nM when the two isoforms are present in equal amounts (α = 0.5). When isoforms are present, with Michaelis constants of K 11P = 1 nM and K 12P = 4 nM, shown in parenthesis in Figure 3 , the percentage of replicates yielding a circadian rhythm (gray bars) is almost the same as the system with no isoforms and Michaelis constant K 11P = 2 nM. Similar results are obtained when different combinations of Michaelis constants are considered (Fig. 3 , white vs. gray bars).
In conclusion, replacing one enzyme with two isoforms chosen to give the same saturation curve has little effect on system robustness.
DYNAMIC REGULATION OF ISOFORM PROPORTION
Now we investigate the effect of dynamic regulation of isoforms, asking if a system with the ability to regulate isoform proportion is more robust than a system without isoforms. We do this by first perturbing one parameter at a time to see how the system can compensate by an appropriate change in α. We then perturb multiple parameters in a random fashion, as was done earlier.
A convenient way of summarizing results of parameter variation is to plot the period of the oscillations as a bifurcation parameter is varied while keeping all the other parameters constant. In dynamical system theory this is referred to as a period bifurcation diagram (PBD). A robust system is identified by a flat PBD, corresponding to little change in the period over a range of parameter values. We contrast the PBD for the models with and without isoforms, varying one parameter at a time.
We begin by plotting the PBD of a system without isoforms (Fig. 4, unfilled circles) . For each of the parameters considered the relation between the period and a change in parameter value can be increasing or decreasing. For instance, changing the enzymatic degradation rate of Mp (Fig. 4A ) from 0.7 (arrow head) to 0.5 changes the period from 24 to about 28 h, outside of the circadian range. We now consider a system with dynamic regulation of isoform proportions. For each of the parameter values considered above we ask if there is an α value that results in a circadian period. For instance, when V MP is changed to 0.5 a value of α = 0.93 provides a circadian period. Similar adaptations in α can be made so that the PBD is flat for a wide range of V MP values (Fig. 4A filled circles) . Thus, the system can be robust to changes in V MP . Results are similar in the other panels.
We now look at how dynamic regulation can increase robustness by considering two parameters, k 1 and k SP , as an illustrative example. A system should evolve toward the set of parameter combinations that provides a circadian period and makes it more robust. Isoform regulation, independently of parameter values, can increase canalization (Fig. 5) . In panel A we show the contour of a fitness landscape, where fitness is modeled as a Gaussian function, of a system without isoforms. Regions with the same shading have the same fitness. Fitness is maximum when the period corresponding to the parameter combinations is 24 h and decreases for deviations from the circadian period. For each parameter combination of k 1 and k SP in panel A we compute first the period and then the fitness. In panel B we show a system with dynamically regulated isoforms, with Michaelis constants of K 11P = 0.5 and K 12P = 5. The number of parameter combinations that produce a circadian period, and thus maximum fitness (white region of plot), is greatly increased with dynamic regulation of isoforms.
Dynamic regulation of isoforms also proves to be an effective way of compensating changes of multiple system parameter values (Fig. 3, white vs. black columns) . In this case we generate replicate systems with uniformly distributed parameter values as described earlier. When isoforms are present and can be regulated, the percentage of replicates yielding a circadian rhythm is greatly increased compared to the system with no isoforms, and the system with isoforms but no dynamic regulation. This is true for all combinations of Michaelis constants shown in Figure 3 .
AFFINITY DIFFERENCE BETWEEN ISOFORMS
Here we investigate the effects of affinity differences between isoforms that can be dynamically regulated. If isozymes are present they can be more or less similar in their amino acid sequence, or exon order, and will consequently have more or less similar affinities to the substrate. Increasing sequence divergence, or the number of possible exon combinations, can result in isozymes with increased difference in their substrate affinity.
We define the degree of affinity difference as the ratio between two isoform Michaelis constants, K 12P /K 11P . A ratio of one indicates two isoforms that are identical, and the more the ratio deviates from one the higher the degree of difference between two isoforms will be. We generate 300 system replicates with K 11P fixed at 0.5 and change the value of K 12P by increments of 0.5. We then randomly pick the other parameter values as described earlier.
For each replicate system we compute the period. If the resulting period is not circadian we look for a value of α that reestablishes the circadian period. System robustness, indicated by the percentage of times the system oscillates with circadian period, increases with increasing difference between isoform affinities and saturates when the affinity ratio is 7 or greater (Fig. 6) . Saturation occurs because as the Michaelis constant of the second isoform (K 12P ) reaches larger values its affinity becomes very low. In this case, the enzyme reaction curve has a small slope at typical substrate levels, so increasing K 12P further will result in only a small reduction in substrate binding. The combination of different very low affinities enzymes with a high-affinity (k 11P ) enzyme will be very similar.
Discussion
Enzyme isoforms are commonly found in organisms of every taxon but their evolutionary significance has not been thoroughly assessed. Here we used a model of the Drosophila circadian rhythm to investigate if known enzyme isoforms can increase the robustness of the system. We found that the presence of isoforms can increase the robustness only if dynamic regulation of isoform proportion is possible. Regulation at this level seems to be biologically plausible. First, feedback regulation of alternative splicing has been observed in Drosophila (Kumar and Lopez 2005) . Second, external factors such as temperature can influence alternative splicing, causing a change in the ratio of alternative initiation codons (Colot et al. 2005 ). In addition, active regulation of CKIε levels in the Drosophila gene CLOCK pathway has been shown to occur (Kim and Edery 2006) , providing evidence for dynamic regulation of a kinase in the circadian system.
We have shown that enzyme affinity per se, as well as the presence of isoforms without dynamic regulation, have no effect on robustness. Isoforms offer an increased dimension in the parameter space to match the target enzyme catalytic activity for a given set of parameter values. The isoform ratio may provide a flexible and parsimonious mechanism for adaptation to environmental fluctuations. The effectiveness of dynamic isoform regulation lies in its ability to change the pace of the reactions. If perturbations affect the rate at which some reactions occur, say there is average increase, then by increasing the proportion of the high affinity isoform, the pace of the entire cycle can be readjusted to stay within the circadian period.
One typical perturbation to the circadian oscillator is the presence of light, which enhances degradation of phosphorylated timeless protein (Myers et al. 1996) . Although this occurs in the timeless protein pathway, which is excluded from our model, the possibility of dynamic isoform regulation is still a potential source of compensation for this environmental perturbation.
Alternative splicing, or mutations of duplicate gene copies, can generate enzyme isoforms that differ in substrate affinity, and there can be benefits to small or large differences. Producing two isoforms that are similar in affinity would be beneficial if flux perturbations are common because more enzymes result in more potential activity (Hurst and Randerson 2000; Bagheri and Wagner 2004) . Similar isoforms, however, may not respond as well to other kinds of perturbations. Isoforms that differ greatly in their kinetic rates provide the potential for a more plastic system. Splicing events or mutations that result in the production of an enzyme that is very different from its original counterpart may foster selection for genetic variation. In this context, mutations of large effect that result in a viable phenotype (i.e., a working enzyme) will be better than small effect mutations. As the affinity difference among isoforms increases so does the flexibility in compensating larger changes in the values of other system parameters.
In this system, with multiple variables and parameters, the same period can be produced by different sets of parameter combinations. More generally in multidimensional systems it is often possible to produce the same phenotype from different underlying genotypes. Natural selection should then favor genotypes that are more canalized (Rice 1998) . We have shown, however, that independently of the choice of parameter values (i.e., the genotypes), regulation of antagonistically expressed isoforms can always increase the robustness. If a system is already canalized, its degree of canalization could be further increased by regulatory elements that act on the relative expression of isoforms.
It has been shown, for instance, that antagonistic regulation of functionally redundant genes is not such a rare occurrence (e.g., see Kafri et al. 2006 ). Antagonistic regulation is achieved by acting on the expression levels of paralog genes that alter their transcription levels to back each other up (Kafri et al. 2005) . Our results suggest that such regulation can also occur by keeping expression levels constant while changing relative expression of isoforms. Gene dosage effects have also been proposed to play an important role in maintaining duplicate genes (Brown et al. 1998; Seoighe and Wolfe 1999; Kondrashov and Kondrashov 2006) .
The existence of isoforms can thus provide the substrate for the emergence of a novel function. Isoform dynamic control drives the systems toward a larger adaptive peak and creates selection for their maintenance. This could represent another route toward subfunctionalization. In the traditional view of subfunctionalization the duplicate copies would be retained because degenerative mutations make it impossible for either copy to cover the role of the ancestral locus. This need not be the case. Degenerative mutations on only one copy, for instance, would produce a less effective enzyme. The copy carrying degenerative mutations could then be retained if in combination with the original copy it allows for increased robustness. The original copy would then accumulate mutations so that both copies become subfunctional. The difference between the two routes lies in that dynamically regulated isoforms would promote subfunctionalization through positive selection rather than by neutral population genetic processes.
Improving system robustness means that more of the underlying rates can vary without producing a phenotypic effect. This is true if variations are on a short time scale, such as environmental fluctuations, or fixed, such as different genetic backgrounds. The presence of dynamically regulated isoforms, therefore, could support more cryptic genetic variation at the population level.
The robustness can improve by alternative means as well. Any of the rates, for instance, can be regulated to match the system's current needs, provided the molecular machinery to do so is present. Robustness, for instance, can be increased by adjusting the CKII transcription rate, V iP . Transcription regulation, however, has its costs, such as energy and time. Even if we assume that energy expenditure is not the rate-limiting step, regulating cell processes only by means of transcription regulation takes time. After receiving a transcription signal, for instance, there can be a delay of anywhere from minutes to hours depending on cell turn over rates and gene size before the functional protein appears (Perez-Ortin et al. 2007 ). This delay includes the time needed for gene transcription and the time for posttranscriptional regulation, such as splicing processes. Bypassing transcription may thus be a faster route to achieve the same result. Alternative splicing is a candidate mechanism for such a regulation. Splicing is used for both qualitative and quantitative regulation of gene expression (see Blencowe 2006 for review). In addition, splicing has been shown to be a fast mechanism for regulating gene expression in response to environmental stress (Pleiss et al. 2007) . Regulating the kind of isozyme that results from alternative splicing does not require any change in gene transcription level, but only changes in posttranscriptional regulation, and may thus be an efficient way to control the rate at which a substrate is processed. Such a regulation has no impact on the rate at which molecular machinery works and may thus be a potent and inexpensive way to increase system robustness.
The concept of dynamic isoform regulation as a means for increasing robustness could be tested in an empirical setting. It has long been known, for instance, that Drosophila circadian rhythm is robust with respect to temperature variation (Pittendrigh 1954) . The nature of this compensation, however, is still debated (Roenneberg and Merrow 2003) . Drosophila populations could be exposed to different temperature treatments and the corresponding protein isoform levels measured to see if the relative expression levels are different. This could indicate a dynamic regulation of isoforms to compensate for temperature differences.
Gene duplication and alternative splicing are recurrent events in the evolutionary history of most living organisms. Such events can provide the ingredients to modify, shape, and improve biochemical networks as they are among the most basic levels of where selection operates. As isozymes first appear they may be neutral to selection, but this neutrality may be temporary. Any mechanism able to produce the raw material for evolution without compromising the current fitness of an organism may function as a highway to an adaptive peak.
